ESR1 with dynamic stiffness v) SPP1 with fracture toughness and v) CAII with egg shape.
The marker effects are as large as 17% of trait standard deviations and could be used to improve eggshell quality.
Damaged eggshells result in losses of 8-11% and provide a route for contamination of egg contents. Genetic selection has been applied to reducing breakage (Preisinger and Flock, 2000) and new measurements of quality are promising (Dunn et al., 2005) , however, alternative approaches should be considered. Marker assisted selection would allow the selection of sires for their contribution to female traits and would allow implementation of measurements integrating a number of shell parameters which are difficult to measure. These may predict the eggshell's structural integrity better than a single measurement of thickness or breaking strength (Bain, 1990) .
Organic matrix proteins involved in eggshell formation have been identified (Nys, 2004) .
Guided by these studies we have tested whether single nucleotide polymorphisms (SNP) in ovocleidin-116, SPP1, RARRES1, LTF, ovalbumin and ovocalyxin-36 show association with established and novel measurements of eggshell quality. We have also tested association with genes known to be involved in shell gland function; ESR1 (oviduct maintenance) and CAII (bicarbonate secretion).
Blood and DNA was obtained from individually caged pedigree Rhode Island Red sires (n=50), dams (n=421) and offspring (2066 hens) as described (Dunn et al., 2004) . Eggs were collected and transported in 8 batches for hens aged 38 to 45 weeks. Phenotypes of 2 (exceptionally 1, 3 or 4) intact eggs were measured per hen and the bird mean analysed.
SNPs were detected by resequencing of a subset of sires or from in silico prediction. Assays were based on RFLP or the Amplifluor system (CHEMICON Europe Ltd. Hampshire, UK).
Phenotypic measurements: Eggs were weighed, measured and shape index (SI) defined as length/breadth. Dynamic stiffness (K dyn, N/m), damping ratio (Damp, %), Breaking strength (Break, N) , deformation at fracture (Deform, mm) and stiffness (Stiff, N/mm) defined as breaking strength/deformation at fracture, were measured as described (Dunn et al., 2005) .
Thicknesses of the mammillary layer (Tmamm, mm) and the combined palisade, vertical crystal layer and cuticle (Teffective, mm) and their sum, total thickness (Thick, mm) were measured by scanning electron microscopy (SEM) (Panheleux et al., 1999) on 3 samples per egg.
Derived measurements: The elastic modulus (Eshell, N/mm 2 ) measures "material stiffness": full explanation of the derivation of these formulae is given in Bain, (Bain, 1990) .
For association analysis means were weighted inversely by the number of eggs measured.
The effects of hatch/house (h), tier (t), row (r) and interaction and the marker genotypes (g)
were fitted as fixed effects, together with sires (s) and dams within sires (d) and error (e) as random effects to the responses (y), as
For haplotype models g is the haplotype effect. Birds with uncertain haplotypes were excluded. Linear models were fitted by REML, followed by approximate Student's t-tests to assess marker effects. The additive effect of each marker was estimated as half the difference between homozygote means, and the dominance effect as the difference between the heterozygote mean and the average of the homozygote means. K dyn , were log transformed (LK dyn , Ldamp and Lstiff) and the reciprocal of deformation (1/Deform) was taken to give approximate normality and consistency of variances.
We examined possible effects of egg production on eggshell quality by fitting 26-50 week egg production as an additional covariate in the linear model for the significant traits, and similarly checked for effects of egg weight, with no change in conclusions.
Ten useable SNP markers were identified, two resulted in substitutions in the protein: Oc116_1336 (AF148716:p437.S>T); Ovocal32_1671 (CAC44378.2:p225L>M) ( Table 1 ).
Means ± se and heritabilities for several of the phenotypic traits are published (Dunn et al., 2005) . For additional measurements Teffective (0.28mm±0.02) , Tmamm (0.085mm±0.008), Eshell (19680±3089) and KC (667±91) are consistent with those given in (Bain, 1990 ) and the heritabilities are 0.29±0.10, 0.18±0.07, 0.06±0.03 and 0.02±0.03 respectively.
The most significant associations (p<0.05) are presented in Table 2 . Analysis of haplotypes for ovocleidin-116 and RARRES1 suggested relationships with 2 traits per gene, but more specific comparisons between haplotypes were not significant.
The influences of effective (Teffective) and total thickness (Thick) were additive for Oc-116_310 (highly correlated traits; r = 0.96), and for Oc-116_1336 there was an association with elastic modulus (Eshell), which describes the contribution made by the eggshell material to the overall stiffness characteristics of the eggshell (Table 2) . Ovocal32_626, had an additive association with mammillary thickness (Tmamm). The observed association of Oer_2571 with dynamic stiffness (LK dyn ) may be valuable, given the latter's proven benefits (Bain et al., 2006) (Table 2 ). There are also associations of SPP1 with fracture toughness (KC), a measure of resistance to fracture, and a large effect on shape index (SI) with Carb_1210.
The dominance associations, are principally over-dominance dominance and include large effects of ovalbumin with total and effective thickness (Thick, Teffective), deformation at fracture (Deform), and breaking strength (Break) ( Table 2 ). This is logical as breaking strength is positively correlated with thickness (Thick, Teffect: r = 0.45) and negatively with deformation (1/Deform :r = -0.54). It is, however, difficult to see how this result could be utilised, as the heterozygote represents the less desirable phenotype, which includes a thinner shell, lower breaking strength and greater deformation (Table 2 ). There are also overdominance effects of Oc116_310 and 1336 on SI and 310 on 1/Deform.
Because of the large number of statistical tests none of the significance probabilities exceed the Bonferroni correction for a 0.05 significance level (0.0002). However many of the traits are dependent and so this correction may be excessive (Allison and Beasley, 1998) . Li and Ji (Li and Ji, 2005) uses the correlations to estimate an "effective" number of traits, six for our data, to reduce the Bonferroni multiple testing penalty, but still not sufficiently to allow any observed effects to be declared significant. For the list of associations in Table 2 the false discovery rate (Benjamini and Hochberg, 1995) is 0.71 at p< 0.05. Further experimental evidence is therefore needed. Table 2 presents significant (p<0.05) REML estimates combining information from between and within full-sib families. Overall, within family information was the major contributor to the combined estimates and tests, as expected. Therefore it is surprising that the list of 7 significant additive trait-SNP pairs in Table 2 , and a list of 9 that were significant for within family associations (not shown) had only 3 trait-SNP pairs in common. Dam variances were found to exceed sire variances for some traits, and they may have maternal or dominance effect contributions.
In conclusion we propose that some of the markers are of sufficient size to merit further validation as tools for selection of sires and possibly dams to improve eggshell quality in pedigree poultry breeding programmes. In particular there are possibilities for the different components of shell thickness, as well as dynamic stiffness and breaking strength. Table 1 . Details of the SNPs used in this study including the position according to the human genome variation society nomenclature (SNP location), abbreviation used in the text (SNP code), primers used and the confirmatory enzymes used in diagnostic assays. The HGNC gene name is included where available however some of the genes are chicken specific and have no mammalian homolog. The frequency of the more abundant allele (Allele frequency) and the total number of offspring used in the analysis of each SNP are also presented. Table 2 . Egg shell quality trait means of marker genotypes with the estimated size of the effects±SE and their sizes relative to the trait standard deviation. Data presented have probabilities less than 0.05. 1 Genotypes represented by the SNP; 2 Trait means from the full-sib model given in the methods section.
3 Size of the effect: additive, (AA-aa)/2, dominance, aA-(aa+AA)/2. 4 Effect as % of the SD calculated from the sum of the sire and dam genetic and the environmental variances after fitting the nuisance effects of house, side of battery and tier.
5 Probability from full-sib model.
